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 Abstract
Marek’s disease (MD) is a lymphoproliferative disease of chickens caused by 
cell-associated Marek’s disease virus (MDV). The US3 protein kinase expressed 
by MDV has been shown to be involved in various stages of the viral life cycle. 
Deletion of the US3 open reading frame resulted in an accumulation of primarily 
enveloped virions in the perinuclear space which led to a reduction in viral titers 
(Schumacher et al., 2005). It was also shown that the US3 protein is involved in 
actin stress fiber breakdown. In this study we constructed a recombinant virus 
(US3*220A) to determine the significance of the US3 kinase activity. Disruption of 
the kinase activity was achieved by substituting a lysine in the active site of the 
protein with an alanine. Titers of the kinase-negative virus were reduced when 
compared to parental virus in a similar fashion as the previously described US3 
deletion mutant.  We were able to show complete absence of direct 
phosphorylation of an MDV-specific phosphoprotein, pp38 by pUS3*220A. 
Surprisingly, expression of pUS3*220A mediated breakdown of the actin 
cytoskeleton 24h after transfection of chicken embryo fibroblasts in the same way 
wildtype pUS3* does.  At 48h post transfection the actin cytoskeleton was fully 
restored in almost all transfected cells. Our results show that the US3 and pp38 
proteins comprise a kinase-substrate pair but that not all of US3 functions are 
mediated by its kinase activity.  
 
Marek’s disease (MD) is a highly contagious lymphoproliferative disease 
of chickens caused by the cell associated Marek’s disease virus (MDV). MDV is 
a member of the Alphaherpesvirinae subfamily, along with various other animal 
viruses such as pseudorabies virus (PRV) of pigs as well as the more familiar 
human viruses, varicella zoster virus (VZV) and herpes simplex virus type 1 
(HSV-1). MDV is further classified within the Mardivirus genus along with its 
close relatives, GaHV-3, and herpesvirus of turkeys (HVT). MDV is the only 
Mardivirus that can cause MD.  
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The MDV genome is approximately 177 kbp in size, and encodes at least 
103 proteins. However, there is limited understanding of the functional nature of 
MDV proteins or of the essential nature of MDV genes for pathogenesis. The 
serine/threonine protein kinase encoded by the US3 gene has been shown to be 
highly conserved among the Alphaherpesvirinae. It has been shown that pUS3 is 
involved in various aspects and stages of viral pathogenesis, including viral 
replication, cell-cell spread, and immune evasion.  
 
It is widely accepted that early stages of MDV replication mimic those of 
HSV-1. After entry of virus into an uninfected cell, nucleocapsids travel to the 
nuclear pore, where the viral genome is released and translocated into the 
nucleus. The genome is replicated and subsequently packaged into preformed 
capsids. The assembled nucleocapsid then acquires a primary envelope by 
budding at the inner leaflet of the nuclear membrane and is present in the 
perinuclear space in the endoplasmic reticulum (ER). In a following de-
envelopment step, virions then lose their primary envelope by an as-of-yet poorly 
understood fusion with the outer leaflet of the nuclear membrane. As a result of 
this de-envelopment step, naked nucleocapsids are released into the cytoplasm, 
where they obtain their final envelope (Schumacher et al 2005). Studies done 
with HSV-1 US3 have shown that nucleocapsids accumulate in the perinuclear 
space in the absence of US3 (Reynolds et al 2001). These results were also 
obtained for MDV infected cells. Concomitant with an accumulation of virions in 
  3the perinuclear space, it was also shown that MDV mutants lacking US3 show 
impaired growth compared to wild-type MDV (Schumacher et al 2005)   
 
In PRV, pUS3 has been implicated in cytoskeletal rearrangements that are 
associated with enhanced cell-to-cell spread (Favoreel et al 2005 and Van 
Minnebruggen et al 2003). These results were further corroborated by similar 
findings with MDV pUS3, which is also involved in actin stress fiber breakdown 
(Schumacher et al 2005). The function of pUS3 in actin disassembly remains 
largely unknown. Moreover it was shown that actin polymerization was necessary 
for cell to cell spread of MDV. In the presence of cytochalasin D (an inhibitor of 
actin polymerization), MDV plaque formation was inhibited, indicating a defect in 
cell-to-cell spread (Schumacher et al 2005). Finally, the VZV US3 homologue, 
ORF66, has been implicated in the down-regulation of MHC class I surface 
expression by interfering with MHC class I trafficking (Abendroth 2001).  
 
Here we sought to elucidate the functional roles of the MDV pUS3 kinase 
activity with regards to phosphorylation of viral proteins, cell-to-cell cell spread, 
and actin stress fiber breakdown by creating an MDV mutant with a nonfunctional 
pUS3 kinase domain. As a positive control, we used the revertant 20US3* virus, 
which expresses a FLAG-tagged version of pUS3*. In this mutant, the MDV-
specific phosphoprotein pp38 was shown to remain unphosphorylated.  We also 
observed similar growth kinetics between the US3 kinase mutant and the US3 
deletion mutant. These results were corroborated by similar plaque sizes induced 
  4by the two mutants, which are significantly smaller than plaques formed by 
parental virus. We were also able to show that the US3 kinase mutant was able to 
mediate actin stress fiber breakdown as efficiently as the WT US3.  
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•  Mutagenesis of BAC20, generation of rescuant virus and plasmid 
construction 
A two step Red recombination was used to construct 20US3*220A. 
Electrocompetent  EL250 harboring 20US3*, a recombinant virus expressing a 
FLAG tag at the C terminus of US3, were used for the manipulation. 300 ng of a 
purified PCR fragment, designed, to substitute the Lysine at position 220 of US3 
with an Alanine, were electroporated into 40 μl of electrocompetent cells using 
standard electroporation conditions (1.25 kV/cm, 200 Ω, 25µF). Cells were then 
grown in 1 mL of LB for 60 min at 32
oC and plated onto LB agar plates containing 
30 µg/mL chloramphenicol and 30 µg/mL kanamycin. The PCR fragment 
consisted of a Kanamycin resistance gene that was amplified with primers that 
have 56 bp of homology to the target sequence and also include the desired 
base pair changes. Located upstream of the Kanamycin gene was a unique I-
Scel restriction site that was cleaved by introducing plasmid pBAD_i-SceI, which 
expresses the homing restriction endonuclease I-Sce I after addition to growing 
cultures of 0.1% arabinose (Tischer et al., 2006). A second Red recombination 
resulted in excision of the Kanamycin resistance gene via the flanking 
sequences, and finalized the construction of recombinant 20US3*220A. BAC 
DNA was extracted, digested with HindIII, and analyzed by 0.8% agarose gel 
electrophoresis. The mutated region was amplified and sequenced to verify the 
changes. 
The modified ORF US3*220A was amplified using primers US3*amp1 (5’-
TAATAGACTGGATGTCTTCG-3’), US3*amp2 (5’-TTACTTATCGTCGT 
  6CATCCTTG-3’) and cloned into expression vector pcDNA3.1, using the 
pcDNA3.1/V5-His TOPO
® TA Expression Kit, according to the manufacturer’s 
recommendations (Invitrogen). The generated plasmid was named pcUS3*220A. 
 
 
•  Lysate preperation ,Western Bloting and Dephosphorylation 
Reaction 
Chicken embryo cells (CEC) were prepared from 11-day-old chicken embryos 
and maintained at 37°C under a 5% CO2 atmosphere in minimal essential 
medium supplemented with 1 to 10% fetal bovine serum. CEC’s were transfected 
with 90-100 ng of 20US3*, 20∆US3, or 20US3*220A DNA. After 7 days, the 
transfected cells were passaged to infect fresh CEC’s. Lysates were prepared at 
7 days after infection. Samples were separated by sodium dodecyl sulfate 
(SDS)–12% polyacrylamide gel electrophoresis (PAGE) and transferred to 
nitrocellulose membranes (Biorad) by the semidry method. Blots were blocked 
with 5% skim milk in phosphate-buffered saline (PBS) containing 0.03% Tween 
(PBST) followed by incubation with anti-FLAG MAb M2 at a 1:5,000 dilution or 
with anti-pp38 MAb H19 (1:10000 dilution). Bound antibodies were detected with 
anti-mouse immunoglobulin G (IgG) peroxidase conjugates (Sigma), visualized 
by enhanced chemoluminescence (ECL
TM, Pharmacia-Amersham) and recorded 
on X-ray films (Amersham Biosciences). Aliquots of the cell lysates were 
exposed to a dephosphorylation reaction mixture consisting of 800 units of 
Lambda phosphatase (New England Biolabs), 2Mm MnCl2, and 1x Lambda 
phosphatase buffer. Control samples were treated exactly like this but did not 
receive Lambda phosphatase.  
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•  Actin Experiment 
Cells were transfected with pcUS3*, pcUS3*220A or pcgB, grown on glass 
coverslips and fixed with
 90% acetone after 24 and 48 hours. Free binding sites 
were blocked with phosphate-buffered
 saline-10% fetal bovine serum, and anti-
gB MAb 2K11 (1:250) or a flag-tag specific mouse serum (1:500)  was added for 
30
 min. After two washing steps in phosphate-buffered saline-3%Tween,
 Alexa 
488-conjugated anti-mouse or chicken secondary antibodies were added for 30 
min. Polymerized actin was
  detected by staining with 1 U of AlexaFluor 488 
phalloidin (Molecular
  Probes). After two final washing
  steps, coverslips were 
mounted onto glass
  slides using Fluoromount-G (Southern Biotechnology 
Associates,
 Inc.) and viewed by Confocal laser scan microscopy (CLSM) using 
an Olympus Fluoview 500. Green and
 red fluorescence signals were recorded 
separately using appropriate
 filters for excitation and detection. Differential cell 
counts were done, distinguishing transfected cells with degenerated actin 
cytoskeletons from those with intact fibers. Convoke images were processed 
using Adobe Photoshop
 7.0. 
•  Growth Kinetics and Plaque area measurements  
Virus growth kinetics were determined after infection of chicken embryo cells 
(CEC) with 200 PFU of 20US3*, 20∆US3, and 20US3*220A viruses. At 24, 48, 72, 
96, and 120 hours after infection, cells were trypsinized and titers were 
determined by plating infected cells onto fresh CEC in serial 10-fold dilutions. 
Plaque areas were measured after plating of the viruses on CEC and 4 days of 
incubation at 37°C. Cells were fixed after 5 days and analyzed by IIF with MDV-
  8specific polyclonal serum . Plaque areas were measured after plating of the 
viruses on CEC and 4 days of incubation at 37°C. For each virus, 100 plaques 
were measured by taking digital pictures of individual plaques and measuring the 
plaque area using the documentation software ImageJ 
(http://rsb.info.nih.gov/ij/index.html). Average percentages of plaque areas and 
standard deviations were determined. 
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•  Confirming the 20US3*220A Mutation and Subsequent Loss of Kinase 
Activity 
Before we could determine the functional role of the pUS3 kinase domain it 
was important to confirm that the mutation that altered the kinase domain did 
actually result in disabling the kinase activity of the protein. Sequencing the 
region of interest ensured that the point mutation in the kinase domain 
substituted the critical lysine residue required for kinase function with an alanine 
(figure 1).  
Western blots were conducted, using lysates from cells infected with the 
20US3*220A virus harboring the mutation, to test that the alteration inhibited the 
kinase activity. Phosphoprotein pp38 is  detected in MD tumor cells but has also 
been shown to be involved in early cytolitic replication (Reddy et al. 2002). We 
were not able to detect phosphorylated pp38 species in 20US3*220A cell lysates, 
using a monoclonal antibody H19 (figure 2).  This confirms that the point 
mutation rendered the kinase activity of pUS3*220A nonfunctional and also 
corroborated previous findings that pp38 is phosphorylated exclusively by pUS3. 
  Dephosphorylation reactions were conducted to ensure that the 
additional protein bands seen in the parental 20US3* lane were indeed 
phosphorylated pp38. As shown in figure 3, pp38 was completely 
dephosphorylated after being exposed to λ phosphatase for 30 minutes. These 
results further proved that the pp38 species seen in figure 2 are species 
phosphorylated by pUS3.  
  10 
•  US3*220A Displays Wild-type Functionality In Inducing Actin Stress 
Fiber Breakdown  
It has previously been shown that MDV pUS3 plays a functional role in 
mediating actin stress fiber breakdown. We therefore wanted to investigate the 
role of the pUS3 kinase activity in actin disassembly. Expression plasmids 
containing US3*, US3*220A, or the gene that encodes for glycoprotein B (does 
not cause cytoskeleton disassembly and therefore used as a negative control; 
Schumacher et al., 2005) were transfected into chicken embryo fibroblasts. Cells 
were fixed 24 and 48 hours post infection and FLAG-tagged pUS3 (pUS3*) was 
detected using a FLAG -specific mouse antibody. gB was identified using the gB-
specific monoclonal antibody 2K11 and phalloidin-Alexa 488 visualized the actin 
cytoskeleton. Cells were viewed using confocal fluorescence microscopy and 
scored for intact versus degenerated actin stress fibers in a blinded manner. Our 
results indicate that pUS3*220A induced cytoskeletal degeneration as efficiently 
as pUS3*. In both cases only 10% of the cells contained an intact cytoskeleton 
after 24h (figure 4). A majority of pUS3*220A- or pUS3*-transfected cells showed 
significant actin disassembly and absence of stress fibers.  After 48 hours, the 
actin stress fibers were regenerated (figure 4). These data show that the ability of 
pUS3 to mediate actin stress fiber breakdown is not dependent on its kinase 
activity, and that actin depolymerization is transient.  
 
 
  11•  Growth Characteristics of v20US3*, v20∆US3, and v20US3*220A 
We sought to explore the role that the pUS3 kinase activity plays in viral 
replication and egress. In order to test the functionality of the pUS3 kinase 
domain in cell-to-cell spread of MDV, plaque sizes of v20US3*, v20∆US3, or 
v20US3*220A viruses were determined at 4 days postinfection (p.i.). There was a 
significant difference in plaque sizes between v20US3*, v20∆US3 and the 
v20US3*220A mutant (Fig. 5 and 6). The plaque areas of v20US3*220A and 
v20∆US3-induced plaques were reduced by about 30% compared to those 
observed in the case of v20US3* (Fig. 6). The growth defects of v20US3*220A 
were further corroborated by growth kinetics that were performed. These assays 
revealed a marked reduction in the ability of the v20US3*220A mutant virus to 
replicate in cultured chicken cells (Fig. 7). Maximum titers of v20US3*220A in 
chicken embryo cells (CEC) were comparable to those of v20∆US3. When 
compared to v20US3*, maximum titers of the v20US3*220A mutant were reduced 
by approximately 10-fold. The reduced viral growth kinetics and plaque formation 
capabilities observed for v20US3*220A indicated that the kinase activity of pUS3 
is needed for efficient cell-to-cell spread.   
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I I H  R  D  V  K T E N I  F 
I I H  R  D  V 
ATA    ATA       CAT     CGT      GAT       GTA      AAA     ACT      GAA       AAT     ATA      TTT 
 
ATA    ATA       CAT     CGT      GAT       GTA      GCA     ACT      GAA       AAT     ATA      TTT 
 
A T E N I  F 
 
 
Figure 1. Sequencing of US3*220A. The lysine residue at position 220 was 
changed to an alanine. The indicated point mutation was introduced via en-
passant mutagensis.  
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v20U S 3*
v20∆U S 3
v20U S 3*220A-P1
v20U S 3*220A-P3
v20U S 3*220A-P2
38 KDa
Figure 2. pp38 Western Blot. Lysates from various passages of 
v20US3*220A in CEC were prepared and analyzed along with parental 
virus, (v20*) and virus completely lacking the US3 gene (v20ΔUS3). The 
primary monoclonal antibody used was H19 (1:10,000). Bound antibodies 
were detected with anti-mouse immunoglobulin G (IgG) peroxidase 
conjugates (Sigma), visualized by enhanced chemoluminescence (ECL
TM, 
Pharmacia-Amersham) and recorded on X-ray films (Amersham 
Biosciences).  
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v20U S 3*-Treated-30’’
v20U S 3*-Treated-60’’
v20U S 3*-Untreated-30’’
v20U S 3*-Untreated-60’’
v20U S 3*
38 KDa
Figure 3. Western Blot of pp38 dephosphorylation. Aliquots of cell 
lysates were treated with 800 units of λ phosphatase 1 for 30 min or 60 
min. The primary monoclonal antibody used was H19 (1:10,000). Bound 
antibodies were detected with anti-mouse immunoglobulin G (IgG) 
peroxidase conjugates (Sigma), visualized by enhanced 
chemoluminescence (ECL
TM, Pharmacia-Amersham) and recorded on X-
ray films (Amersham Biosciences).  
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Figure 4. Percentages of pcUS3*-, pcUS3*220A-, and pcMgB-transfected cells 
with intact actin stress fibers. One-hundred cells were scored at 24 and 48 hours 
after transfection. Percentages represent means and standard deviations of four 
independent experiments performed in a blinded manner. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Digital Photos of plaques resulting from MDV infection. CEC were 
infected with v20US3*, v20∆US3, or v20US3*220A and fixed with 90% acetone at 
4 days p.i. Plaques were analyzed by IIF using a polyclonal MDV serum. Bound 
antibodies were detected anti-mouse IgG Alexa 488 (Molecular Probes).   
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Figure 6. Mean plaque areas of various mutant viruses. The plaque area of 
v20US3*virus was set to 100%, and average relative plaque areas of the 
v20∆US3 and v20US3*220A viruses were calculated according to the setpoint. 
Areas of 50-100 plaques for each virus were measured in a single experiment.   
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Figure 7. Growth properties of v20US3*, v20∆US3, and v20US3*220A viruses 
recovered after transfection of BAC DNA. CEC were infected with 200 PFU of 
the respective virus. At the given times p.i., cells were trypsinized, titrated, and 
coseeded with fresh CEC. Virus plaques were counted after IIF staining with the 
MDV chicken polyclonal antibody. Mean virus titers and standard deviations of 
the results of three independent experiments are shown. 
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Previous findings with the MDV mutant lacking US3 revealed whether or 
not US3 was involved with several aspects of viral pathogensis, including 
activation of viral proteins, cell-cell spread, and actin disassembly. US3 was 
shown not to be essential for growth but those mutants that lacked US3 showed 
defective growth kinetics as well as a 10 fold reduction in plaque formation. It 
was also shown that US3 played a role in actin stress fiber breakdown in MDV 
infected/transfected cells. 
 
By removing the kinase activity from US3, we were able to further discover 
the role of US3 in MDV pathogenesis by probing the functionality of its kinase 
activity in viral pathogenesis and egress. We expected most of the pathogenic 
affects of pUS3 to stem from the function of its kinase activity in phosphorylating 
various viral and cellular proteins to mediate viral pathogenesis and egress. The  
US3*220A mutant exhibited most of the same pathogenic characteristics as the 
MDV mutant that lacked US3.  The growth patterns between the two mutants 
were identical as evidenced by defective growth kinetics and reduced plaque size 
measurements.  Surprisingly, after transfecting chicken embryo cells with either 
the US3*220A mutant or US3* expression plasmids we were able to show that 
pUS3*220A was able to cause actin stress fiber breakdown as effectively as 
wildtype pUS3.  
 
  19It has been shown that US3 is necessary for proper co-localization of MDV 
pUL31 and pUL34 to the nuclear membrane (Kato et al 2006). This co-
localization is critical for proper envelopment of nuclear virions and exit from the 
perinuclear space. The catalytic relationship between US3 and UL34 has been 
analyzed in great detail in HSV-1 (Kato et al 2005, Reynolds et al 2001 and 
Ryckman et al 2004).  UL34 localization to the nuclear membrane depends in 
part on the kinase activity of US3. It was also shown that the activity of US3 is not 
indispensable for nuclear rim distribution of UL31 and UL34 because some 
virions were able to escape the perinuclear space (Schumacher et al 2005). Our 
data presented here supports this finding. Although there is a defect in growth 
without the kinase domain of US3 being intact, there is still growth nonetheless. 
So there must be some colocalization to the nuclear rim by UL34 and UL31 in 
order to mediate, albeit reduced, virion envelopment and exodus from the 
nucleus.   
 
The effects of the US3*220A mutant were unexpected so we sought to 
ensure that the mutation we made in the kinase domain rendered the 
phosphorylation activity to be inactive. We found that a MDV phosphoprotein, 
pp38, was phosphorylated exclusively by pUS3. Cell lysates from US3* or 
US3*220A MDV- infected chicken embryo cells were analyzed for phosphorylated 
pp38 species and it was shown that  there were no phosphorylated pp38 species 
in cells infected with US3*220A MDV. This result not only confirms that the kinase 
  20domain was nonfunctional, but also allows us to conclude that the kinase activity 
of pUS3 is exclusively responsible in phosphorylating pp38.   
 
It was previously shown that actin stress fiber polymerization was 
necessary for cell-cell spread of MDV as well as other herpesviruses (Favoreel et 
al 2005). We are currently investigating the functional role of US3 in actin stress 
fiber breakdown as well as the transient depolymerization of actin filaments. 
Since US3 mediates actin stress fiber breakdown without the use of its kinase 
domain, it seems plausible that it could interfere with actin dynamics by binding 
to and potentially inhibiting proteins involved with actin stress fiber maintenance. 
Actin binding proteins are responsible for regulating actin remodeling in 
eukaryotic cells. Most actin binding proteins are activated via complex signaling 
cascades (Revenu et al 2004).  There is a wealth of possibilities that are possible 
for how US3 could possibly interfere with the activation of actin binding proteins 
that regulate actin stress fiber dynamics. For example, the Ras/Raf/MEK/ERK 
signaling pathway is involved with actin maintenance in stress fibers but 
disrupting that pathway has been shown to lead to apoptosis (Pritchard, et al 
2004). We showed that 48 hours post-infection, cells transfected with US3*220A 
had restored actin stress fibers.  The US3 mediated affects did not kill the cells 
because we did not notice a significant change in total cell counts at the 24 and 
48 time points. So as we investigate potential actin filament maintaining signaling 
pathways that could be abrogated by US3 binding, we will focus on those whose 
interruption would not lead to apoptosis.  
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